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Air entrainment processes in a full-scale rectangular dropshaft at large flows
Processus d’entraînement d’air à l’échelle un dans un puits rectangulaire
avec de forts écoulements
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ABSTRACT
Rectangular dropshafts, commonly used in sewers and storm water systems, are characterized by significant flow aeration. New detailed air–water
flow measurements were conducted in a near-full-scale dropshaft at large discharges. In the shaft pool and outflow channel, the results demonstrated
the complexity of different competitive air entrainment mechanisms. Bubble size measurements showed a broad range of entrained bubble sizes.
Analysis of streamwise distributions of bubbles suggested further some clustering process in the bubbly flow although, in the outflow channel, bubble
chords were in average smaller than in the shaft pool. A robust hydrophone was tested to measure bubble acoustic spectra and to assess its field
application potential. The acoustic results characterized accurately the order of magnitude of entrained bubble sizes, but the transformation from
acoustic frequencies to bubble radii did not predict correctly the probability distribution functions of bubble sizes.
RÉSUMÉ
Les puits rectangulaires, utilisés généralement dans les égouts et les systèmes d’évacuation des pluies d’orage, sont caractérisés par une aération
significative de l’écoulement. De nouvelles mesures détaillées d’écoulement air-eau ont été conduites dans un puits proche de l’échelle un pour
des débits importants. Dans le bassin de puits et le canal de sortie, les résultats ont montré la complexité des différents mécanismes concurrentiels
d’entraînement d’air. Les mesures des tailles de bulles entraînées ont présenté une large gamme de valeurs. L’analyse des distributions de bulles dans le
sens du courant a suggéré en outre un certain processus de regroupement dans l’écoulement bien que, dans le canal de sortie, les cordes des bulle aient
été en moyenne plus petites que dans le bassin de puits. Un hydrophone robuste a été testé pour mesurer des spectres acoustiques de bulles et pour évaluer
son potentiel d’application sur le terrain. Les résultats acoustiques ont caractérisé correctement l’ordre de grandeur des tailles de bulles entraînées,
mais la transformation des fréquences acoustiques en rayons de bulles n’a pas prédit correctement les distributions de probabilité des tailles de bulles.
Keywords: Dropshaft, air entrainment, flow patterns, bubbly flow structure, full-scale physical modelling, acoustic signature.
1 Introduction
A dropshaft is a vertical shaft connecting two channels with dif-
ferent invert elevations (Figs 1a and 2). This ancient design was
used, for example, in Greece and in the Roman empire (e.g.,
Hodge, 1992; Chanson, 2002a), but here is some controversy if
ancient Roman dropshafts were used solely for energy dissipa-
tion or in combination with flow re-aeration. Today dropshafts
are used commonly as energy dissipators in drainage engineering:
e.g., in sewers, storm water systems and upstream or downstream
of culverts (e.g., Apelt, 1984; Rajaratnam et al., 1997; Merlein
et al., 2002). Most structures have a straight vertical shaft with
circular or rectangular cross-section. At low flow rates, a free-
jet impacts into the dropshaft pool, while, at large discharges,
the nappe impacts on the opposite wall (Figs 1a, 2 and 3a). The
latter flow regime is most common in modern engineering struc-
tures, but basic expertise in air entrainment characteristics is very
limited (e.g., Ervine and Ahmed, 1982).
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It is the purpose of this paper to detail the air entrainment pro-
cesses taking place in a rectangular dropshaft operating at large
flow rates. New air–water flow measurements were performed
in a full-scale facility. The results provide a unique characteriza-
tion of the air entrainment mechanisms in the dropshaft system,
and the application of an acoustic technique to characterize the
bubbly flow is discussed.
2 Experimental facilities
Experiments were conducted in a large size rectangular dropshaft
(Fig. 1). The shaft was built in marine plywood and perspex with a
vertical rectangular cross-section (L = 0.755 m, B = 0.763 m).
The drop in invert elevation was h = 1.7 m. Both inflow and
outflow channels were 0.5 m wide, 0.3 m high and horizontal. The
outflow channel was covered, 1.22 m long and ended with a free-
overfall. One sidewall of the shaft was made of perspex (Fig. 1a)
and sections of the shaft walls were removable for inspections,
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Figure 1 Photograph of the dropshaft system in operation. Q = 0.061 m3/s, dc/h = 0.068. (a) General view of the dropshaft. The drop in invert
elevation is 1.7 m and the total shaft height is 3.1 m. (b) Nappe impact onto the opposite wall and roller (arrow), looking downstream from beneath
the inflow channel. (c) Free-jet and outflow into the lower channel, view through the outflow channel looking upstream.
flow visualizations and measurements (e.g., Fig. 1b). Further
informations on the facility were reported in Chanson (2002b).
The discharge was measured with bend meters calibrated
in situ. Free-surface elevations were recorded with pointer
gauges. The total head was measured with a total head tube
( = 1 mm). Air–water flow properties were measured with a
sturdy single-tip conductivity probe scanned at 5 kHz for 3 min.
The conductivity probe is a phase-detection needle-shaped device
which records the instantaneous conductivity of the fluid, at the
probe sensor. Raw probe outputs were recorded at 20 kHz for 10 s
to calculate bubble chord time distributions. The chord time is
the time spent by an air bubble on the probe sensor and the chord
(or chord length) is the length of the straight line connecting the
two intersections of a bubble with the probe sensor as the bubble
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Figure 2 Definition sketch of rectangular dropshaft operation at large
flow rates.
is transfixed by the tip sharp-edge. In this study, bubble chord
times are presented in terms of pseudo-bubble chord length chab
defined as:
chab = Vi ∗ tch (1)
where Vi is the jet impingement velocity and tch is the bubble
chord time. Equation (1) predicts the exact shape of bubble size
probability distribution functions although it overestimates the
bubble chord lengths by about 10–30% (Chanson et al., 2002).
Underwater acoustics was measured with an industrial
hydrophone Dolphin Ear™ for 15 min. The hydrophone is basi-
cally a pressure sensor designed to record the sound emitted
by air bubbles as they are entrained. The signal was sam-
pled at 44,100 Hz and processed by a bubble-acoustic software
StreamTone™ (Manasseh et al., 2001). The filter-amplifier had
a high-pass cut-off at 400 Hz and the aliasing frequency of the
equipment was 22 kHz. Since the acoustic spectra ranged typi-
cally between 500 Hz and 3 kHz, it is believed that the data were
genuine acoustic properties.
Additional flow visualizations were conducted with a dig-
ital video-camera handycam Sony™ DV-CCD DCR-TRV900
(speed: 25 fr/s, shutter: 1/4 to 1/10,000 s, zoom: 1–48) and a dig-
ital camera Olympus™ Camedia C-700 (shutter: 1/2 to 1/1000 s,
zoom: 1–27).
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Figure 3 Details of the air–water flow processes in the shaft. (a) Nappe
impact onto the opposite wall. (b) Air entrainment processes next to the
outflow channel obvert.
2.1 Experimental errors
The error on the discharge measurement was less than 2%. The
single-tip probe design is a robust measurement device com-
monly used in highly turbulent flows with large void fractions
(e.g., Chanson, 1997; Crowe et al., 1998). The error on the void
fraction C was estimated as C/C ≈ 3% for C ≥ 5% and
velocities larger than 1 m/s, and C ≈ 0.5% for C ≤ 5%. The
minimum detectable bubble chord length is about 0.3 mm with
the resistivity probe and also with the acoustic analysis. How-
ever, with the acoustic technique, the software enforced a low
sub-sampling rate of possibly less than 2 Hz. It is conceivable that
this could introduce some bias. The accuracy on bubble count rate
is a function of the bubble size distributions. In the present study,
the mean bubble chord size was about one order of magnitude
greater than the probe sensors and the accuracy on bubble count
rate was about F/F < 5%.
2.2 Experimental flow conditions
For small flow rates (Q < 0.025 m3/s), the free-jet impacted
into the shaft pool. For a narrow range of flow rates (0.025 <
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Q < 0.034 m3/s), the jet flowed directly into the lower channel.
Nappe impact onto the opposite wall was observed for larger
flow rates. The present series of experiments was conducted for
discharges ranging from 0.034 to 0.080 m3/s (0.046 < dc/h <
0.081). Observations of the free-surface pool height yp were best
correlated by:
yp
D
= 12.06 ∗ dc
h
+ 0.0175 0.046 < dc/h < 0.081 (2)
where D is the outflow channel height (D = 0.3 m), dc is the
critical flow depth at the brink and h is the drop in invert elevation
(Fig. 2). Additional work in a 3.1 : 1 scale model showed that
the outflow channel intake became submerged for dc/h > 0.10
(Chanson, 2002b).
It is understood that laboratory studies in small-size facili-
ties may be subjected to significant scale effects in terms of
air entrainment (e.g., Wood, 1991; Chanson, 1997, 2004). In
the present study, air–water flow measurements were conducted
at full-scale under controlled flow conditions to eliminate scale
effects.
3 Air–water flow patterns and air entrainment
mechanisms
The upstream and downstream channels operated as free-surface
flow for all investigated flow conditions. The inflow conditions
were sub-critical, and critical flow conditions were observed next
to the channel brink. At large flow rates (0.0046 < dc/h), the
free-jet impacted onto the opposite wall above the downstream
channel obvert (Fig. 2). At impact, the flow was subjected to a
sudden change in flow direction and a small roller was observed
(Figs 1b and 3a). Such a roller was described by Renner (1973,
1975) and Rajaratnam et al. (1997), and seen in air regulated
siphons (e.g., BHRA, 1975). The roller is important as its weight
provides a vertical force required to counterbalance the change in
momentum flux direction. Its size may de deduced from simple
momentum considerations (see Appendix). The roller height hr
may be estimated as:
hr =
√√√√2 ∗ q ∗ L
Vb
∗
(√
1 + g ∗ L
V 2b
− 1
)
(3)
where ρ is the water density, q is the flow rate per unit width, L
is the shaft length and Vb is the brink velocity (Fig. 2). Nappe
impact onto the wall was associated with strong splashing and
spray in the shaft. For an observer inside the shaft, the spray
was felt like an intense rainfall, and droplet impacts in the shaft
pool were seen to entrain some air in the pool of water. Both the
roller size and amount of splashing were observed to increase
with decreasing impact angle θ (Fig. 3a), which may be derived
from trajectory equations :
tan θ = g ∗ L
V 2b
(4)
Equations (3) and (4) were in relatively good agreement with
visual observations of nappe impact.
Below nappe impact, the waters flowed downward along
the vertical wall (Fig. 2). For dc/h < 0.10, the pool free-
surface was below the outflow channel obvert and a free-jet was
observed (Figs 1, 2 and 3b). The inlet obvert formed a flow
singularity and preliminary measurements demonstrated very
strong interfacial aeration at both jet free-surfaces, as sketched
in Fig. 3(b).
Further downstream, the free-jet plunged into the shaft pool.
Significant air entrainment was seen at the plunge point as
illustrated in Figs 1(a) and 3(b). The entrainment process was
strongly affected by the outflow into the lower channel and
by the initial aeration of the free-jet. Additionally, air entrain-
ment was seen at the impact of spray droplet into the pool
sketched in Fig. 3(b). Several researchers discussed specifically
this type of air entrapment at droplet impact (e.g., Lezzi and
Prosperetti, 1991). The flow in the shaft pool was extremely tur-
bulent and three-dimensional. Large-scale coherent structures
were clearly seen, including corners, vortices and tornados.
Further the shaft pool free-surface elevation was constantly
fluctuating.
In the outflow channel (Fig. 1c), the flow was supercritical and
highly aerated. Shock waves and sidewall standing waves were
seen for all flow conditions. These flow patterns were somehow
similar to those observed in supercritical flows at an abrupt drop
(e.g., Chanson and Toombes, 1998).
4 Air–water flow properties in the shaft pool
4.1 Void fraction distributions
Detailed air–water flow measurements were conducted in the
shaft pool for −0.3 < y/D < yp/D, where y is the elevation
above outflow channel invert positive upwards (Fig. 2). Mea-
surements for y < 0 were located below the lower channel invert
elevation. Typical void fraction data are presented in Fig. 4 in
which the flow direction is from left to right with the outflow
channel inlet at (1 − x/L) = 0 (i.e., x/L = 1). The results
demonstrated strong flow aeration evidenced by large measured
void fractions (Fig. 4). Measurements conducted at various trans-
verse locations z indicated further that void fraction and bubble
count rate distributions were basically two-dimensional, but next
to the outer edges of free-falling nappe impact. Figure 4(b) shows
air concentration distributions next to the outer edge of the free-
jet while Fig. 4(c) presents data at y/B = 0.6; that is, outside of
the outflow channel.
On the jet centreline, void fraction measurements below the
lower channel invert (y/D < 0) were consistently larger than
measured air concentrations immediately above: e.g., at y/D =
−0.28 and 0.01, respectively in Fig. 4(a). The discrepancy could
not be attributed to measurement errors because the experiments
were repeated successfully by three different researchers on dif-
ferent days. It is hypothesized that, for y/D < 0, entrained air
bubbles were trapped in coherent vortical structures and their
large residence times induced greater local void fractions, while,
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Figure 4 Void fraction distributions in the shaft pool. Q = 0.067 m3/s, dc/h = 0.072, yp/D = 0.89. (a) Centreline data—comparison with Eq. (5);
(b) z/b = 0.40 (z = 0.2 m); (c) z/b = 0.60 (z = 0.3 m).
above the outflow channel invert (y/D > 0), most bubbles are
rapidly entrained downstream.
4.1.1 Discussion
Experimental results (Fig. 4) demonstrated very high void frac-
tions next to the free-surface for all flow conditions: i.e., for
y/D > 0.7. The plunge point region was visually very aerated
and it had an appearance somehow similar to a hydraulic jump
roller. Further the pool free-surface elevation fluctuated at low
frequency with time. It is conceivable that the conductivity probe
tip was in air for brief periods, although this was not visually
observed.
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Next to the plunge point, the void fraction distributions were
best fitted by an analytical solution of the diffusion equation for
air bubbles:
C =
Qair
Qw√
4 ∗ π ∗ D# ∗ yi−y
di

exp

− 14 ∗ D#
(
xi−x
di
− 1
)2
yi−y
di


+ exp

− 14 ∗ D#
(
xi−x
di
+ 1
)2
yi−y
di



 (5)
where Qair is the volume air flow rate, di is the jet thickness at
impact, xi andyi are the jet impact coordinates, andD# is a dimen-
sionless air bubble diffusivity. Equation (5) was first developed
for two-dimensional supported plunging jet flows (Cummings
and Chanson, 1997a). It is shown in Fig. 4(a), where the values of
D# and Qair/Q were determined from the best data fit. Equation
(5) compares favourably with void fraction data next to the plunge
point, although it underestimates the air content for x/L < 0.93
typically. Indeed Eq. (5) ignores the contribution of air bubble
entrainment by droplet impact at the pool free-surface, as well
the contribution of rising bubbles (sketched in Fig. 3b). Further
it does not take into account the effects of the outflow channel.
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Figure 5 Probability distribution functions of bubble chord size probability distribution functions in the shaft pool—Q = 67 l/s, dc/h = 0.072,
yp/D = 0.89, centreline data—comparison with acoustic bubble radii.
Parameter yD No. of Bubble size
bubbles
Mean Std Skewness Kurtosis
l/s (mm) (mm)
(1) (2) (3) (4) (5) (6) (7)
Bubble chord +0.79 8199 25.4 44.0 3.6 18.9
+0.39 10,165 7.7 12.8 4.4 23.7
+0.01 6855 7.9 15.9 5.4 45.0
−0.28 6074 10.2 17.4 5.3 41.9
Acoustic radius — 1956 6.05 2.51 0.59 0.35
4.2 Bubble size distributions
4.2.1 Intrusive probe measurements
Bubble chords were measured with the phase-detection conduc-
tivity probe. Chord length distributions are presented in Fig. 5,
showing the normalized probability distribution function of air
chord length chab where the histogram columns represent the
probability of chord length in 0.5-mm intervals. The last column
(i.e., >15) indicates the probability of chord lengths exceed-
ing 15 mm. Each histogram describes bubbles detected at depths
y/D = +0.79, +0.39 and +0.01. Statistical properties of bubble
chord length distributions are summarized in the figure caption.
For all flow conditions, the data demonstrated a broad spec-
trum of bubble chord lengths at each depth: i.e., from less than
0.5 mm to larger than 25 mm (Fig. 5). The chord length dis-
tributions were skewed with a preponderance of small bubble
sizes relative to the mean. The probability of bubble chord length
was the largest for bubble sizes between 0 and 2 mm although
the mean pseudo-chord size was between 7 and 25 mm. The
trends were emphasized by positive skewness and large kurtosis.
The data were possibly best fitted by a log-normal distribu-
tion, although both Gamma and Weibull distributions provided
also good fit. The results were consistent with experimental
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measurements in the developing flow region of vertical plunging
jets (Cummings and Chanson, 1997b; Chanson et al., 2002).
Note the large fraction of bubbles larger than 15 mm next to
the free-surface: that is, for y/D = +0.79 (Fig. 5). These large
bubbles may be large air packets entrapped at impingement which
were subsequently broken up by turbulent shear.
4.3 Streamwise distributions of air bubbles
The streamwise distribution of bubbles provides further infor-
mation on their spatial distribution and the existence of bubble
cluster. In a cluster, the bubbles are close together and the packet
is surrounded by a sizeable volume of water. Two successive
bubbles were defined as a cluster when the trailing bubble was
separated from the lead particle by a water chord length smaller
than one leading bubble chord. That is, the trailing particle was
in the near-wake of the lead bubble. Results demonstrated a large
proportion (i.e., about 50–60%) of bubbles travelling as part of a
cluster structure. About 45–70% of the clusters consisted of two
particles only. The existence of bubble clusters may be related
to breakup, coalescence, bubble wake interference and to other
processes. As the bubble response time is significantly smaller
than the characteristic time of the flow, it is believed that bub-
ble trapping in large-scale turbulent structures may be another
clustering mechanism in bubbly flows.
4.3.1 Acoustics properties
Bubble acoustic spectra were measured for several flow rates.
This non-intrusive technique uses robust sensor well-suited for
prototype measurements. In first approximation, the bubble
radius is inversely proportional to the sound frequency emitted by
the entrained bubble: i.e., small bubbles generate high-frequency
sound. The data processing was based upon a pulsewise anal-
ysis (Manasseh et al., 2001). Although the technique can give
good accuracy on true bubble acoustic frequencies, the conver-
sion to bubble size spectra relies upon a questionable assumption
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Figure 6 Dimensionless distributions of void fraction C and bubble count rate F ∗ dc/Vc in the outflow channel Q = 0.067 m3/s, dc/h = 0.072,
Y90 = 0.120 m (x/L = 1.8) and 0.063 m (x/L = 2.6)—comparison with Eqs. (6) and (7).
that bubbles of different sizes are perturbed to the same propor-
tional extent, and it also assumes that bubbles do not interact
acoustically (Chanson and Manasseh, 2003).
In Fig. 5, probability distribution functions of “acoustic” bub-
ble radii Rab are compared with bubble chord size probability
distribution functions for the same flow conditions as in Fig. 4.
Although chord sizes are not strictly comparable with bubble
radii, the result suggests that “acoustic” bubble radii were of
the same order of magnitude as measured bubble chord sizes.
But the “acoustic” bubble radii were consistently smaller than
bubble chord sizes measured with the conductivity probe, and
the shape of the probability distributions were significantly dif-
ferent (Fig. 5). It is believed that the “acoustic” bubble radius
distributions must not be expected to reproduce the bubble size
distribution measured by an independent method because the
transformation from acoustic spectra to bubble radii is based upon
several approximations (Manasseh, 2002).
5 Air–water flow properties in the outflow channel
Visual observations highlighted the white waters in the lower
channel (e.g., Fig. 1c). Air–water flow measurements were con-
ducted in the conduit and typical centreline results are presented
in Figs 6 and 7. Figure 6 presents dimensionless distributions of
void fractions and bubble count rates, where Y90 is the distance
where the air concentration is 90%, and Vc is the critical flow
velocity in the outflow channel. Figure 7 shows chord length dis-
tributions in the bubbly flow region (C < 0.3, Fig. 7a) and in the
spray region (C > 0.7, Fig. 7b). In each graph, the histogram
columns represent the probability of chord length in 0.5-mm
intervals. The last column (i.e., >15) indicates the probability of
chord lengths exceeding 15 mm. Statistical properties of bubble
chord length distributions are summarized in the caption, where
the probe sensor location is given in terms of y/Y90 where y is dis-
tance measured normal to the invert and Y90 is the characteristic
distance where the void fraction C equals 90%.
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Figure 7 Probability distribution functions of bubble and droplet chord size probability distribution functions in the outflow channel—Q = 67 l/s,
dc/h = 0.072, centreline data, x/L = 1.8.
(a) Bubble chord size distributions in the bubbly flow region.
Parameter y/Y90 C Bubble size
Mean Std Skewness Kurtosis
l/s (mm) (mm)
(1) (2) (3) (4) (5) (6) (7)
Bubble chord 0.266 0.034 2.06 1.51 3.67 23.6
0.425 0.101 2.48 2.54 9.72 144.0
0.505 0.166 3.10 5.04 9.34 110.1
(b) Droplet chord size distributions in the spray region.
Parameter y/Y90 C Droplet size
Mean Std Skewness Kurtosis
l/s (mm) (mm)
(1) (2) (3) (4) (5) (6) (7)
Bubble chord 0.824 0.725 4.98 6.49 2.90 10.37
0.983 0.890 3.91 4.89 2.70 7.79
1.22 0.981 3.59 3.99 2.36 6.99
The experimental results demonstrated quantitatively the
strong aeration in the outflow channel. The data indicated fur-
ther some longitudinal flow de-aeration. For example, in Fig. 6,
the depth-averaged air concentration Cmean decreased from 0.58
down to 0.33 for x/L = 1.8 and 2.6, respectively. Yet these
values are large compared to self-aerated spillway flows. Next
to the outflow channel inlet (i.e., x/L < 2), the void frac-
tion profiles exhibited a flat profile which followed closely
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an analytical solution of the air bubble advective diffusion
equation:
C = K′∗
(
1 − exp
(
−λ ∗ y
Y90
))
x/L < 2 (6)
where K′ and λ are functions of the mean air content only:
i.e., Cmean = K′ − 0.9/λ and K′ = 0.9/(1 − exp(−λ))
(Chanson, 2004). Further downstream, the air concentration
distributions had a smooth S-shape commonly observed in self-
aerated flows. The data followed an analytical solution of the air
bubble advective diffusion equation:
C = 1 − tanh2

K′′ − yY902 ∗ D0 +
(
y
Y90
− 13
)3
3 ∗ D0

 x/L > 2
(7)
where K′′ is an integration constant and D0 is a function of the
mean air concentration only (Chanson, 2004). Equations (6) and
(7) compared favourably with the data (Fig. 6).
5.1 Bubble size distributions
In the bubbly flow region, the bubble chord data showed a broad
spectrum of bubble size (Fig. 7a). The chord length distributions
were skewed with a preponderance of small bubble sizes relative
to the mean. The probability of bubble chord length was the
largest for bubble sizes between 0 and 3 mm although the mean
pseudo-chord size was between 2 and 5 mm. Interestingly, the
bubble chord size distributions were more skewed in the outflow
channel than in the shaft pool, and the mean bubble chord sizes
were smaller by a factor of 2 (Figs 5 and 7a).
In the spray region (C > 0.7), the droplet size distributions
were skewed with a preponderance of small droplet sizes rela-
tive to the mean. The mean chord size was typically between
3 and 7 mm, and there was a non-negligible number of large
droplets (e.g., >15 mm). The result is consistent with visual
observations highlighting the chaotic nature of the spray and
large amount of splashing in the lower conduit (e.g., Fig. 1c), The
streamwise distribution of bubbles and droplets was analysed in
the bubbly flow region (C < 0.3) and spray region (C > 0.7),
respectively using the same definition that was used in the shaft
pool. In the bubbly flow region, the results demonstrated a lesser
proportion of bubbles travelling as part of a cluster structure:
i.e., only 10–15%. The number of bubbles per cluster was about
2.1–2.5 in average implying a large proportion of clusters with
two particles only. The mean chord sizes of cluster bubbles were
about 30–100% greater than the average bubble sizes. (The ratio
of mean cluster bubble size to median bubble size ranged from 1.6
to 3 typically.) The results implied a preferential clustering pro-
cess in the outflow, whereby some larger bubbles might entrain
further bubbles in their wake. The reasoning is consistent with
experimental results showing that the lead particle was typically
10–20% larger than the following bubbles. In the spray region,
about 15–20% of droplets travelled as part of a cluster structure.
In average the number of droplet per cluster ranged from 2.5
to 3.3. The ratio of mean cluster particle size to median droplet
size was between 0.6 and 2.
5.1.1 Discussion
The cluster analysis suggested major differences in flow struc-
tures between the bubbly flow regions in the shaft pool and in
the outflow channel. Overall a larger proportion of clusters was
found in the shaft. It is believed that large coherent structures
visualized in the shaft pool were responsible for some bubble
trapping in vortices.
In the outflow channel, some differences were observed
between spray and bubbly flow regions. In the former, there was
no preferential size of droplet associated with cluster structures.
Drop formation results from surface distortion, tip-streaming
of ligaments and interactions between eddies and free-surface.
The droplet ejection process is likely to be the dominant effect
because the droplet response time is nearly two orders of magni-
tude larger the air flow response time. The results would suggest
no preferential size for droplet ejection.
Present results in the outflow channel differ from cluster
analysis results by Chanson and Toombes (2002) in a stepped
chute. Although present void fraction distributions exhibited
similar shape that self-aerated flow data, the proportion of bub-
bles/droplets associated with cluster structures was drastically
smaller in the outflow channel of the dropshaft. It is likely that
the differences in inflow conditions may explain the different
results.
It must be emphasized that the analysis was limited to cluster
detection along a streamline. It did not consider bubble/droplets
travelling side by side as being a cluster.
6 Conclusion
Detailed air–water flow measurements were conducted in a full-
scale rectangular dropshaft operating at large flow rates under
controlled flow conditions. For large discharges, experimental
observations in the shaft and in the outflow channel demon-
strated the complexity of the air entrainment mechanisms, and
interactions between different competitive processes.
Void fraction measurements demonstrated a strong aeration of
the shaft pool for all flow rates. In the shaft pool, void fraction
distributions next to the plunge point were successfully compared
with an analytical solution of the air bubble advective diffusion
equation. Bubble chord measurements showed a broad range of
entrained sizes, with mean pseudo-bubble chords between 10
and 20 mm. The distributions of chord sizes were skewed and
followed reasonably well a log-normal probability distribution
function. Acoustic signatures of the bubbly flow characterized
accurately the order of magnitude of entrained bubble sizes.
But the transformation from acoustic frequencies to bubble radii
did not predict correctly the probability distribution functions of
bubble sizes and underestimated the entrained bubble sizes.
The dropshaft outflow was strongly aerated although some
de-aeration was observed along the lower channel. Measured
bubble and droplet chord size distributions exhibited a broad
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range, although the bubble chords were in average smaller than
in the shaft, and a lesser bubble clustering was observed.
Overall the study emphasizes the complicated nature of air–
water flow in prototype dropshafts. A robust hydrophone, which
could be used in the field, may provide some characterization of
the bubbly flow in prototype structures, although present results
demonstrated that the acoustic technique would overestimate the
air–water interfacial area. It is recommended that more exper-
iments be conducted with further shaft geometries commonly
used in sewers and drainage structures.
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Appendix—Nappe impact calculations
At large flow rates in a dropshaft, the free-jet impacts on the
opposite wall above the downstream channel obvert (Fig. 2). At
impact, the flow is subjected to a rapid change in flow direction
and a small roller forms (Fig. 3a). The roller is important as its
weight provides the vertical force required to counterbalance the
change in momentum flux direction. The momentum equation
resolved in the vertical direction is:
ρ ∗ q ∗ Vn ∗ (1 − cos θ) = ρ ∗ g ∗ h
2
r
2 ∗ tan θ (A1)
where ρ is the water density, q is the flow rate per unit width, and
hr is the roller height (Fig. 3a). Equation (A1) is valid assuming
that the jet does not disintegrate, neglecting shear forces on the
surfaces, assuming that the magnitude of the velocity entering the
control volume is approximately the same as leaving it, and for a
two-dimensional flow. The nappe velocity Vn and nappe impact
angle θ may be derived from the trajectory equations:
Vn = Vb ∗
√
1 +
(
g ∗ L
V 2b
)2
(A2)
tan θ = g ∗ L
V 2b
(A3)
where L is the shaft length, g is the gravity constant and Vb is
the brink velocity (Fig. 2). In the present study, the brink depth
measurements were best correlated by:
db = 0.725 ∗ dc 0.001 ≤ Q ≤ 0.070 m3/s (A4)
with a coefficient of correlation of 0.998. The result is close to
Rouse’s (1936) results.
After transformation, Eq. (A1) yields:
h2r = 2 ∗
q ∗ L
Vb
∗
(√
1 + g ∗ L
V 2b
− 1
)
(A5)
Notation
B = Dropshaft width (m)
b = Open channel width (m)
C = Air concentration defined as the volume of air per unit
volume of air and water; it is also called void fraction
Cmean = Depth-averaged air concentration defined in terms of
Y90:
Cmean = 1
Y90
∗
∫ Y90
0
C ∗ dy
ch = Chord length (m)
chab = Pseudo bubble chord length (m) : chab = Vi ∗ tch
D = Conduit height (m)
D# = Dimensionless turbulent diffusivity for
two-dimensional plunging jets
db = Brink depth (m): i.e., depth at the edge of a drop
dc = Critical flow depth (m); in a rectangular channel:
dc = 3
√
q2/g
di = Jet thickness (m) at plunge point
F = Air bubble count rate (Hz) defined as the number of
detected air bubbles divided by the scanning time
g = Gravity constant (m/s2); g = 9.80 m/s2 in Brisbane
h = Drop (m) in invert elevation
hr = Roller height (m)
L = Dropshaft length (m)
P = (shaft) pool height (m), measured from the shaft
bottom to the downstream conduit invert
Q = Total volume discharge (m3/s) of water
Qair = Quantity of entrained air (m3/s)
q = Discharge per meter width (m2/s); for a rectangular
channel: q = Q/b
Rab = Acoustic bubble radius (m)
tch = Chord time (s)
Vb = Brink flow velocity (m/s)
Vi = Velocity (m/s) at plunge point
x = Horizontal Cartesian co-ordinate (m) measured from
the upstream shaft wall
Y90 = Characteristic depth (m) where C = 0.90
y = Vertical elevation (m) measured from the outflow
channel invert and positive upwards
yp = Free-surface height (m) in a shaft pool above the
downstream conduit invert
z = Transverse distance (m) measured from the shaft
centreline;
Greek symbols
θ = Jet angle at impact with opposite shaft wall
ρ = Water density (kg/m3)
 = Diameter (m)
Subscript
ab = air bubble
c = critical flow conditions
i = nappe impact flow conditions
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